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Abstract

An investigation was conducted in the Langley 1_- by 22-Foot

Subsonic Tunnel to establish a transition data base for an unmanned

aerial vehicle utilizing a powered-lift ejector system and to evaluatc

alterations to the ejector system for improved vehicle performance.

The model used in this investigation was a 2&percent-scale, blended-

body arrow-wing configuration with integrated twin rectangular ejec-

tors. The test was conducted from hover through transition condi-

tions with variations in angle of attack, angle of sideslip, frec-stT_am

dynamic pressure, nozzle pressure ratio, and model ground height.

Force and moment data along with extensive surface pressure data

were obtained. A laser velocimcter technique for measuring inlet flow

velocities was demonstrated at a single flow condition, and also a low

order panel method was successfully used to numerically simulate the

ejector inlet flow.

Introduction

Unmanned aerial vehicles (UAV's) have become

increasingly valuable as decoys and frontline recon-
naissance platforms as evidenced in the recent Per-

sian Gulf war (ref. 1). An advantage of these ve-

hicles is the ability to launch them and to recover

them anywhere in the field of operation. However,

the low vehicle gross weight and small size of the
vehicle severely limits the amount of on-board in-

strumentation, the operating range, and loiter time.

Furthermore, some UAV's require specialized equip-

ment for launch and recovery which can restrict their
ease of operation. To overcome these shortfalls, the

Boeing Company has proposed a much larger UAV

which utilizes a powered-lift ejector system, like the

E-7A concept (ref. 2), to provide vertical takeoff and
landing capabilities.

As the Lewis Research Center has completed a

full-scale static ejector test (ref. 3), the current test
was conducted as a joint effort between the Boeing

Company and the Langley Research Center to in-

vestigate the performance of an integrated airframe-

ejector system. A 20-percent-scale model of an

envisioned UAV was tested from hover through tran-
sition conditions to establish a powered-lift data base

and to evaluate lift augmentation, induced drag, and

pitching-moment sensitivities to ejector variations.

During the test, laser velocimeter techniques to mea-
sure inlet flow velocities were demonstrated, and inlet

flow data for validation of computational fluid dy-

namics (CFD) methods were obtained.

The 20-percent-scale model had a blended-body,

arrow-wing shape with a leading-edge sweep of 60 °

and twin rectangular ejectors centered about the
moment reference center of the vehicle. The model

also had wing-tip elevons, leading-edge vortex flaps,

and a removable vertical V-tail. The ejector system

diffuser exit area, diffuser turning vanes, diffuser

streanlwise skew angle, ejector centerline dam, and
inlet doors were varied.

The investigation was conducted over a free-

stream dynamic pressure range of (} to 48 psf. The
prinmry nozzle pressure ratio representing power off

and power on conditions varied from 1 to 3. Angle of

attack was varied from 0 ° to 26 °, and sideslip sweeps
were conducted from 20 ° to -20 ° at constant values

of c, of 0° and 10°. The model ground height varied
from 2.5 to 72 in. above the tunnel floor.

The purpose of this report is to present general

results obtained from analysis of the test. data and

CFD simulations which may be beneficial to future
design efforts of air vehicles with ejector systems.

This report does not contain detailed analysis of all

data created during this specific test, nor present the

entire integrated ejector data base.

Symbols

The force, moment, and pressure data from wind-
on runs were reduced to standard coefficient form

with a moment reference center located 37.2 in. aft

of the leading-edge apex along the intersection of the

vertical and horizontal symmetry planes. All lon-

gitudinal coefficient data were computed about the
stability-axis system, whereas all lateral-directional

data and all noncoegicient data were computed about



thebody-axissystem.Forconvenience,thedrageo-
elfieiemnonmnehaurehasbeenretainedin sideslip.
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primary nozzle thrust force, lb

fitselage station, in.

axial force, lb

normal force. It)

side force, 11)

model height (as measured from

front of ejector skirt to tmmel

floor), in.

lift, force, lb

laser veh)cimetry

lift forc¢, wit h wind offand power
on, 11)

ejector-induced lift. increment,

(L)wind on, power on

- (L)wind on, t)()wer off

(L)wind off, power on

rolling tnoment, in-lb

t)it('hing ntomettt, in-lt)

AMy ejector-induced pitching-moment

increment, (5ly)wind on, power on

- (Mr)wi,.j ,,,,, pow_ oft

-- (AIy)wmd off, power on

5I Z yawing moment, in-lb

,rhT theoretical mass-flow rate, slugs/see

NPR average primary nozzle pressure

ratio, Pt/P_

p surface static pressure, psf

p,, computed isentropic throat static

pressure, psf

Pt average nozzle total pressure, t)sf

Px: free-stream static pressure, psf

q+. computed isentropie throat dynamic

pressure, psf

qjet average primary nozzle dynamic
pressure, psf

qcx, free-stream dynamic pressure, psf

Re (_ Reynohts Immber, based on mean

aerodynamic chord

_," ref(_l(_ii(:e area, in 2

UAV unnialmed aerial vehicle

!4, = ,,t

t']ot average primary nozzle jet velocity,

ft/see

l'_ free-stream velocity ft/see

WL waterline, in.

x, y, z Cartesian coordinate system

(, angle of attack, (teg

/3 angle of sideslip, (leg

_+, diffuser turniI_g-vane (teflection, ,leg

45 augmentation ratio

Model Description

The model used in this investigation was a

20-percent-scale arrow wing with twin rectangular

ejectors integrated into the blended t)o(ty of the

configuration. A three-view sketch of the model

and a photograph of the m()del installed in the
1,1- by 22-Foot Subsonic Tmmel a.re shown in fig-

ure 1. The model was fabricated and sut)plied by'

the Boeing Company. The arrow-wing planform



of tile model had a. leading-edge sweep of 6(1° and

root to tip trailing-edge sweeps of -37.5 °, 60 °, and

-37.5 °. Biconvex-shaped airfoil sections were used

to produce suffieient cross-seetional area distribution

(fig. 2) to immerse tile entire ejector system into the

blended wing-body. The model also had split wing-

tip elevens, leading-edge vortex flaps, and a remov-

able vertical V-tail. which were tested, but the effec-

tiveness of these components will not be presented

in this report. During all runs with win(t on, transi-

tion strips of No. 60 carl)orundum grit were in place

0.5 ill. aft. of the leading edge.

Tile ejector system (fig. 3) was t)ased on a design

of the Boeing Company which was evahlated in a

full-scale static test. at the Lewis iRose_trch Center

(ref. 3). The system consisted of a single secondary

plenum that supplied air to 10 primary plenunls on

each side. Each prinlary plenum ti_(t t hr(,e notehe(t-

cone primary nozzles (ref. ,l) whose exit planes were

located 1.78 in. atlove the ejector throat. Tile area

of the ejector t.hr()at was fixed at. 84.48 in., but tile

diffuser exit area could be varied to ot)titnize the

ejector efficiency b v changing the diffuser sidewall

(;a/It angle. For a.ll data presented, the diffuser exit

area, opt.imized for the tm.seline configurati(m, was

1,11.08 in 2 which results in a diffuser-to-throat area

ratio of 1.67.

Variations to the baseline ejector s.vstenl included

rot atal)le primary plenunl/nozzle conlt)onents whieh

w(,re deflected with a skewed diffuser box to inves-

t.igat.c effects of strcamwise diffuser skew in tin inte-

grated ejector configuration (fig. 4(a)). hi addition,

2-in. removat)l_ diffuser turning vanes with 50 per-

cent chord flaps were installed in the diffuser t)ox

(fig..l(b)) to investigate thrust vect()ring eifective-

hess. Each diffuser box had nine full e)ector-span

turning vanes located 7.5 in. below the ejector throat

and midway between the primary plenunls. Also, the

two forward nozzles on each ejector were plugged and

a splitter plate ,,,as added to each eieetor (fig. 4(a))

to investigate possible alternatives for pitch control.

Finally in an at.tenlpt to trltp the centerline foutt-

lain which forms betwe(m the two ejectors when in

ground effect, forward and aft endplatc extensions

(fig. 5) spanning the distance' between the diffuser

endplates were investigated.

Three ejector inlet door designs were tested with

an operating ejector. In one design the entire door

rotates about the outboard inlet lip to slightly past a

vertical position. In a second design, the ejector door

was split ill two with one half opening outboard and

the other half folding into the centerline. Finally,

a nmlt.isegment.ed door design that folds inboard

to form an aerodynanlically shaped centert)ody was

tested. Sketches of tile three door designs are shown

in figure 6.

The flllly metric model was internally mounted

on a standard six-component strain-gage balance

which was supported on a bent air sting (ref. 5).

High-pressure air was supplied to the ejector sys-

tem through tile air sting which has an internal, fret,

floating, coiled air line to provide a nonmetric bridge

across the balance for the air supply itIl(l to mini-

nlize t h(_ load interactions between the air line and

1)alance.

A list of other pertinent model information is

given in tat)le I.

Instrumentation and Data Reduction

The six-component balanet, used to Ineasm'(, lhe

model forees and moments had load capacities and

guaranteed accuracies shown in the following tat)le:

For(:(+or Maximum I+oa(l (?oeIIici(,nt

lllOIll(_II| load c;II)acity ;t('('l [l'I-Icy a('('ur_t('5 '_+

Axbtl . . ,

Sido . . .

Normal

Rolling

Pitching .

±500 It)

_=1 800 11)

:_3 00(I lb

±7 500 in-lb

± lO000 in-H)

±2.5 11)

±(.).0 It)

±15.0 11)

±37.5 in-ll)

±50.0 in-II_

±0.012

±0A) 11

±0.07 l

±O.003

±0,(10G

"ll('fl('ction of only tim I)alan('(, s(,nsit ivitv and is l)as(,(t on

qx = 12 l)sf.

Balance loads created by the high-pressure air

system were removed from tile force an(l n_onlent

data by calit)rat.ion and pressure t.a.r(_s. Prior to the

test, a. calibration of the })alanee and air line inter-

actions for an unpressuriz(}(t system was ol)taine(t and

ad(ted as corrections in the data reduction software.

All air sting pressure tare, used t,o account for bal-

ance loads due to t)ressurizing the air supply system,

could not t)e made at the start of tile test t)ecallSC of

the ejector systenl design. Therefore, a pressure tare

from a previous test (ref. 6) utilizing the same air

sting and balance was used. During posttest model

disassembly, an air sting pressure tare w_ts taken,

and negligible differences were found t)etw('en the

two tares. Therefore, no additional corrections to

the data were made.

Additional model instrunmntation include 170

static pressure ports located on the inlet surfaces

and 208 static pressure ports on the wing-body sur-

faces. Surface pressures were measured with 5-psid

electronically scanned pressure modules. Although

detailed analysis of the pressure data is not presented
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in I his report, some of t he inlet pressure data are used
R)r comparative purposes with ('FIt results.

Two 50-psi differential pressure transducers, used
t() llleaSllre the static pressure in the secondary

l)lenmn, wer(' calibrate(] at the l)(,ginning of the test.

The average of these two pr(?ssure "[ii-Hls(lu('ers was

used I() cotul)ute the total pressure tit the primary

nozzh' exits and to calculate NPI/ and I_(,t of the pri-
mary nozzles during the test. Furthermore, pressure

surveys of the diffuser exit were used to det ermine tilt'

tolal mass th)w through the ejector at various rabies
of Nl)l{. These (lata were then used to calculate the

isentropic lh)w con(lit ion at the ejector throat.

For all [)ower-Oll rllllS, the ejector augmentation

ratio (ib was calculated by the following equation:

ds- /':\' - Fx
F ,i_-rli,, t

Typically, measured mass flow is used in the
calculation of qb. hut because of instrumentation

problems with the air supply system, theoretical

mass flow had to be used. This procedure should
make the resulting 4> slightly conservative because

lh(' theoreli('al mass flow assumes a unity discharge

co('IfieielH and act ual nozzle discharge coeiii('iettts are

around 0.95.

\V))(')) the (:j('c_or operal(,d (l)H'b_g the test, ,sig-))if-
|cant variations in the force and moment data along
with a cent imlous model vil)ralion were note(l. These

t)heuonlena could lie the result of unsteady mixing of

stir in the ejector which alters its performance. Nu-
lllerous t'hallges were nlade [o the ejector system lo

minimize this prol)lenl: however, it could not be oom-

ph'rely (,liminat('d. Thus, the nmnber of data samph,s

per point was increased fl'om 20 to 60 for a l)etter

statistical average. Ftel)eat runs taken throughouI
the lest still show significant data scatter. The ac-

tual data _:ue plotted as symbols, and least-squares

curves through the data are used to indicate reason-

able trends. The force alld IllOlIlellt data at qx --
3 psf varied widely hi,cause of unsteady ejector per-

[brmance and extremely light l)alanee loads; there-

fore, they sire not presented in this report.

Test Conditions and Procedures

The It,st was conducted in the Langley 14- by

22-Foot Subsonic Tunnel configured with an open
test section to reduce the interference effect of the

ejector flow field. The model was tested from hover

through transition conditions with variations in tun-

nel dynamic pressure, primary nozzle pressure ratio,
angle of attack, sideslip angle, and ground height.

For runs with wind on, tmme] dynamic pressure
was varied fl'om 3 to 48 psf, corresponding to a

Reynolds mtmber range of 1.1 x 106 to 4.5 x 106
based on _, with most of the data obtained at the

nominal transition condition of 12 psf. At constant
tunnel dynamic t)ressure, the effects of the ratio

I,_/I,'5(, * were examined by varying NPR over a range
from 1 to 3. Due to insufficient mass-flow rates, the

designed opt'rating c(m(lition tor the ejector system,
NPII = 3, coul(l no) tie obtained with all the t)rimary

nozzles flowing. Therefore, most of the data obtained

with the ejector operating are tit NPI/ = 2.5.

During the tesI. an internally momlted iIwlinome-

ter was used t.o uleasure angle of attack which varied
from 0 ° to 26 °. Sideslip angles, measured by a cal-

it)rated turntabh_, were swept from 20 ° to -20 ° at.

constant <_ = 0° anti 10 °. Typically, _, and _3 sweet)s

were eonducte(t at a constant ground height a.s mea-

sured by a mast encoder referenced to the bottom
of the forward diffuser skirt. However, near the end

of the test., loss of control of the height mechanism

resulted in ground height variations with changes
in a (i.e., as r_ increttsed, ground height increased).

Ground height sweeps from 2.5 to 72 in. were con-
ducte(t at constant r_ = ()o and 10 ° and 3 = 0°. Frolll

initial height swe('I)S, the nominal out of ground effect
height was chosen to be 32 in.

A procedure fi)r measuring inlet horizontal and

vertical velocity tempera,ms with a two-component

laser veloeimeter system (ref. 7) was investigated.

The laser velocimeter systenl operated in baekscatter
mode, and the inlet flow was seeded with 6-ram

polystyrene balls fi'om a remote control seeding rig

located upstream of the wind-tunnel contraction
section.

Because the system measures two dimensions,

only the inlet symmetry flow plane could be mea-

sured with confidence. To establish the symmetry

flow plane, cross-flow planes near the h'ont and back

of the ejector inlet were mapped t.o a height of neg-

ligible free-stream velocity change. Front the vert.i-
eal vek)eity distribution at each Inapped plane, the

syinmetry flow plane was established to be approx-
imately a. vertical plane eentered over the inlet at

t3L = 6.0 in. LV data were then obtained along this

vertical plane at a single flow condition ot ,,t = 0 o,

q_c = 3 psf, NPI/ = 2.5, and HGT = 32 in

Discussion of Results

Baseline

Static results for the baseline ejector configuration

are shown in figures 7 through 9. In figure 7, the
effects of increasing NPPt on longitudinal forces anti



momentat o = 0° and 10 ° are shown. Because the

data are referenced to the body axis, they should

not vary with (x; therefore, tile variation is rep-
resentative of the data scatter for power on.

Longitudinal forces and moment versus ground
height are presented in fgure 8. The general decrease

in normal force with decreasing ground height for

both values of (_ is caused by' greater amounts of lower

surface flow being entrained into the exhaust flow

creating a suck down effect. Because more surface
area aft of the moment reference center is influenced

by the ejector exhaust, additional nose-up pitching
moment is created. Some of the loss in normal force

is also caused by back pressurizing the ejector system
which reduces its performance,. For c, = 10°, the

increasing normal force below HGT = 7 in. is caused

by trapping the aft exhaust flow between tile aft

portion of the model and tile ground. Tile trapped

flow creates a high-pressure region. This condition
also produces a decreasing nose-up pitching-moment

trend. Ejector augmentation (fig. 9) has the same

trends a_s the normal-force plot. The considerable
decrease in dp between c, = 0° and 10 ° is attributed

to a reduced centerline fountain effect (fig. 5) and to
the difference in ground proximity of tile aft end of

the model as model height is measured relative to tile

forward ejector skirt.

The wind-on aerodynamic characteristics of the
baseline configuration are shown in figures 10 through

16. Tile out of ground effect variations in longitudi-

nal aerodynamic coefficients with a for several con>

binations of NPR and q_c are presented in figure 10.

Even though the ejectors are centered about the data

reference center, nose-up pitching moment is gener-
ated with power on because turning the inlet stream-

tube into the ejector inlet creates a low pressure re-

gion forward of the moment reference center between
the leading edge and inlet. As expected, increasing

q_c while holding NPR constant decreases the power

effect on the coefficients. From the power-off runs, il.

is apparent that Reynolds number effects arc negli-
gible over tile range tested.

Figure 11 (a) shows the variation of baseline longi-

tudinal aerodynamic coefficients with NPR. Tile non-
linear increase in C L and Cm is a result of increased

upper surface flow entrainment with increasing NPR.

As NPR increases, tile upper surface flow entrain-

ment pattern extends fllrther aft which results in a
fattening of the C,, curve. Also as NPR increases,

the ejector exhaust flow penetrates farther away froin

tile body before it is turned downstream by the mo-

mentum of the free stream which produces additional
drag. Figure ll(b) shows tile ejector-induced incre-

ments in the longitudinal direction as described in

reference 8. Like the previous results (ref. 8), tile in-

duced aerodynamics generate an increase in drag and

nose-up pitching moment because of turning of the

inlet streamtube into tile ejectors. But unlike results
from reference 8, tile induced effects on the plan-

form shape produce a positive lift increment which

increases with increasing t'_.

Tile effects of ground height on the hmgitudinal

aerodynamics coefficients at qoc = 12 and 24 psf and
NPtl = 2.5 are stlown in figure 12. As with wind off,

lift. decreases with reduced HGT, but unlike wind off,

nose-up pitching moment decreases. This decrease
is caused by tile lower surface pressure field being

shifted rearward by the free stream and tile fountain

(:enter moving aft of the moment reference center.

The differences in the pressure forward and aft. of the
ejector exit. contribute t.o the substantial decrease in

CD.

Variations in tile baseline aerodynamics due to

sideslip are shown in figures la through 16. With

power on or off, tile longitudinal aerodynamic coeffi-
cients for (t = 0 ° and 10 ° (fgs. 13 and 14) are ahnost

unaffected by J. As seen in figures 15 and 16, the w_-

hicle is directionally unstable, but has positive effec-

tive dihedral, hi general, powered effects significantly
increase tile influence of/:_ on the lateral-directional
coefficient.

Variations in the Baseline Configuration

Alterations to the baseline ejector configuration

that predominatcly affected the auglnentation of the

ejector are presented in figures 17 through 21. As

shown in figures 17 and 18, renloving till' forward
endplates of tile diffuser significantly reduces C D

for CL below 1.8 at, the cost of decreased lift, and

augmentation.

A reduction in nose-up pitching moment also oc-
curs. With tile forward endplates renloved, the lower

surface flow in front of the ejectors is entrained di-

rectly into the exhaust flow. The cntraimnent creates
a stronger negative pressure in this region. However,

some lift loss may be attributed to degraded ejector-

flow mixing caused by a shorter diffuser length when

the endplates are removed.

In all effort to reduce drag without significant
lift losses, the primary nozzles and diffusers were

skewed 10° downstreanl (see fig. 4). Also, tile forward

and aft endplates were extended to the centcrline

to create a dam for capturing the ejector fountain

formed in ground effects (fig. 5). Figures 19 and 20
show the effect of these changes on _ at varying

ground heights for a = 0° and 10 °. For both values

of c_, <15increases with the diffusers skewed and the



centcrlinedamin place. For out of groundeffects
andpoweron (fig. 21),there,is a smalldecreasein
lift with tile diffusersskewedwhichdiminishesas
increasesbecausethe thrust vectoris rotatinginto
the lift direction. A similareffect,but to a lesser
degree,isseenwith thecenterlinedamsinplace.The
lift lossdueto rotatingthethrust vectorout of the
lift directionis not significantbecausethe induced
lift createdby theinlet flowremainsessentiallythe
same.Becauseskewingtilediffusersresultsin thrust
vet'toringandreducingexhaustblockageof thefi'ee-
streainflow,a largedragreductionisobtained.

Inclusionofdoor-openejectorinletsonanair ve-
hicletendsto decreasetheejectorperformancebyin-
hibitinginletflowentrainment.An investigationwas
conductedto determineif a lessdegradingdoor-open
designexisted.As describedin the section "Model

Description," three door-open combinations were

tested: an outboard door, a split inboard/outboard
door, and all aerodynamically shaped centerbody

door. Figures 22 through 27 show the effects of these
door-open designs on ,b and the general vehicle per-

ti)rmance. As shown in figure 22, tile reduction in
static lift for the door off increases with NPR for

two of the door designs tested. However, examina-

tion of the normal force plot reveals a nearly un-

changed stall(' lift for the centerbody door design.

Figure 23 shows similar trends for ,I) in ground effects
at o = 0°. At o = 10° (fig. 24), an actual increa.se

in dp is observed for the centerbody design when in

ground eflbcts. The aerodynamically shaped center-

body (fig. 6) etficiently splits the centerline inlet flow

and creates a larger low-pressure region between tile

ejectors than the low-pressure region created with the
no door configuration.

With wind on, power off, and out of grountt effects
(fg. 25). the outboartt and inboard/outt)oard door

designs produce lilt.h, changc in (7',,, and slightly alter

the lift-curve slope which is ahnost within tile stated

accuracy of the balance, ttowever, the centerbody

design produces a noteworthy increase in eL. With
power on, a substantial lift loss and drag increase

is incurred from the inboard/outboard door design.
Ff('('ause most of tiw induce(t lift loss occurs near the

inboard lea(ting edge, Cm also (tecreases. Although
not as severe, the outboard door design has similar

effe('ts. For the centerl)ody design. ('I. is only slightly

(tifferent than for tit(' doors-off design at. low values

of r_; however CL de('r('ases with increasing (_. The

increase in CD t\)r the centerbo(ty design is slightly
greater than lhe ()utboard door design, although

some of the additional drag could be eliminated with

further refinenlent to Ill(, centerbody door (tesign.
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The effect of inlet-door design on the aerodynamic

characteristics with sideslip is shown in figures 26

and 27. In the longitudinal direction, the trends are
essentially the same as those for the baseline; except

for Cn, little difference in the lateral-directional data

is shown in figure 27. Directional stability for the

outboard and inboard/outboard door designs is sig-

nificantly degraded. However, the centerbody door
design shows some improvement over the baseline di-

rectional stability.

Results of alterations to tile ejector system for

producing thrust-induced longitudinal and direc-
tional control are shown in figures 28 through 35.

For wind off (fig. 28), installation of diffuser turning

vanes degraded ejector augmentation with little ef-

fect on axial force or pitching moment. Deflecting
the turning vanes downstream produces significant

forward thrust, whereas deflecting them upstream

produces equivalent amounts of drag. For both direc-

tions, the deflections produce disappointingly small
amounts of pitching-moment control and dramati-

cally reduced q). However, the uncoupled effect on

lift and pitching moment of the turning vanes may
be beneficial for forward acceleration of tile vehicle

when transitioning from hover to forward flight.

Figure 29 shows the effect of turning vane installa-

tion on tile longitudinal aerodynamics with wind on.

As for wind off, turning vane installation had no ef-
fect on pitching moment but did increase drag with

power on. Surprisingly, vane installation increased

C L for power off and (rely slightly altered the lift-
curve slope with power on.

For turning vane deflections with wind on (fig. 30),

the diffuser forward endplates were removed. Deflec-

tion of the turning vanes affected CD and C,, similar
to that for wind off. However at higher values of _,

C L actually increases for tile positive turning van(,
deflections like it increases for the skewed diffuser

configuration.

Effect of unsymmetrical turning vane dofleetions
on the vehicle perforniance in ground effects with

wind off is shown in figures 31 and 32. Longi-

tudinally, only tile largest turning vanc deflection,

b_, = +20/-20, has a significant effect on tile data.

As seen in figure 32, the unsymmetrical vane deflec-
tions produce a considerable amount of directional

control with little roll coupling an(t no variation in

side force. The results are basically the stone out of

ground effect with wind on (fgs. 33 and 34).

In an attempt to reduce the nose-u t) pitching mo-

ment of the baseline configuration with wind and
t)owcr on, the two forward primary plenums on each

of the ejectors were phlgged. Also, splitler plates



(fig. 5) wereaddedto the l)lugge(Inozzleconfigu-
rationto flu'tiler lirnit flowentraimnentforwardof
tile inlet and to provi(te_a channelfor ventingthe
lowersurfacehighpressureto theUl)perSllrfa(!elow
pressureregion. Forboth configurations,the e.je(>
tor diffuserswereskewed10° downstream.For the
pluggednozzlesalone,thegroundheightvariedfl'om
4.5 in. at (t = 2 ° to 56.5 in. at (t = 16° because

of tunnel hardware problenls. Figure 35 shows the

effects on the longitudinal aerodynalnies of the noz-

zles plugged and the nozzles plugged with the splitter

plates added. The nose-up pitching moment is re-
duced by an equivalent alllounI with or without the

splitter plates (the plugged nozzle alone ix in ground

effects at low values of _t). This seelns it) indicate

the splitter plates dirt not perform as expected anti
may need to be extended farther above tile primary

nozzles. Since Cm is not affected by increasing NPR

to 3, the lift losses obtained with the plugged nozzles

may be recovered by increasing NPR tile required
anlount.

Description of Numerical Method

The low-order l)anel code VSAERO (rcf. 9) was

used to mo(iel the ejector configuration with the in-

let flowing. In VSAERO, tile linearized potential

equations for an incompressible, irrotational flow are
solved by using piecewise constant singulm'ity pan-

els with Neumann and Dirichlet boundary con(ti-

tions. The method in('ort)orates comt)ressibility cor-
rections, an iterative wake relaxation scheme, anti

a coupled integral t)oundary-layer method in which

the t)omMary-layer displacement effects arc inclu(ted

in the potential equations as source transt)iration.

Discret.ization of tile surface geometry into quadri-
lateral panels for (,jeetor configurations was facili-

tate(t by using the grid generation co(h', Gri(lgen

(ref. 10). The paneling of the (\}ector configuration
is shown in figure 36. It consisted of 1772 t)anels of

which 812 pa.nels were used to create the inlet surN(:e
definition.

The ejector inlet flow was sinmlated by setting

a constant normal velocity on the flux control t)an-

els (fig. 36) to match tile ineontpressil)le ill_tss ftoy_,
through the inlet which was calculated from the ex-

tmrimental (tata. Because of the physical complexity,

no attemt)t was matte to accurately model the ejec-
tor exhaust flow. However, tile induced effects of

tile ejector exhaust flow on tile ut)per surface flow

field were investigated by modeling tile exhaust flow

as a solid body issuing from the ejector exit. For

small angles of attack, only upper surface areas very
near the leading edge showed significant differences

when compared with cases without the exhaust sire-

ulated, and the inlet flow fieht was virtually un-

changed. Therefore, an accurate sinmlation of the
inlet flow field at small values of c_ was believed to

be ot)tained without developing a suitable model for

a jet in a (:ross flow which ix beyond the current cat)a-
bilities of VSAERO. Also note, all VSAER() results

presente(t here are inviscid.

Computational Fluid Dynamics Results

Because of height control i)rol)lems, all the exi)er-
imental data ot)taine(t for the cruise configuration are

in ground effects, and therefore, eomt)aI'isons ()f ex-

perimental with comt)utational results are presented

only for the ejector eonfigurati()n out of groun(t efli,ct.
Figure 37 shows the ut)per surface pressure distribu-

tion predicted by VSAERO for qx = 0 psf. ¢_ - 0 °.

and NPR = 2.5, and figure 38 shows the t)re(ti('te(t

surface pressure at q_ = 12 t)sf. Notice the t)re(li(:te(t
free-streant influence on the inlet flow entraimnent

pattern which actually creates a stagnation region

aft of tile ejectors. As interpreted from the exper-

imental data, the entrainntent ix greatly increase(l

between the ejectors anti leading edge with wind on.

Figures 39 through 41 show the inlet pressure

(tata at BL = 6.0 in. and FS = 57.2 in. (tile ejector's

midspan and midlength) with (_ = 0 °, NPR = 2.5,
and q_c = 0, 3, and 12 psf, respectively. At qx = 0 psf

(fig. 39), excellent correlation with the ext)erimeiltal
results is ot)taine(t on the BL. but the eorr(qation

along the FS is not as good. This difference may be

an indication that tile paneling nee(Is to be exten(h'(t
farther into the inlet because the shape of the side-
wails creates tile nozzle contraction, \Vith wind on

(figs. 40 and 41), the correlation with experinmntal
data along the BL is still good: however, the inlet

lea(ling-edge suction peak is un(terpre(licted. Along

the FS, the predicted pressure on tile inboard inlet lip

closely matches the ext)erimental data with a slight
deviation at tile peak. Again, tile behavior of the

predicted pressure at. the peak in(ticates that the in-

let. paneling should be extended t.o resolve the suction

peaks. Results from VSAERO on the outboard lip
severely underprediet the suction peak, and this dis-

crepaney grows with increasing q,_c. Overall, the t)re-

dieted pressures are reasonably good, but VSAERO

has problems accurately pre(ticting the level of suc-
tion peaks resulting from large flow entraimncnt, es-

pecially if the peaks are caused by cross-low entrain-

men( as is true for the outboard inlet lip.

Figure 42 shows the computed inlet velocities

and the experimental inlet velocities as measured t)y
tile laser velocimetry technique describe(t previously.

Tim data are presented for q_c. = 3 psf, (_ = 0 °,

HGT = 32 in., and NPR = 2.5 with the vek)city



vectors scah,d amt coh)r-sha<h,d by their ratio to the

free-streanl velocity inag;nilude. Because the laser

vt,loeinletry {Ilia consist only of the horizontal and

w'rt ical velocity component s, the c,,mlputed data pre-

sented likewise contains only these lwo components.

In general, the velocity flow field is very accurately

predicted with lilt' largest differem'es occurring near

the inlet lips. This is list) wh{'re lhe largest standard

([evialion o('curs in the LV Ineasurements.

Conclusions

A win{t-tunnel investigation of a 2{)-t}ercent-scah'

unnmnne{t aerial vehieh, model with an eie{'t{}r sys-

tem f{}r powered lift was conducted in tile Langley

1.1- by 22-Foot Subsozfie Tuzmel t{} examine the per-

f{}rmanee {If an integrated t\]e{'tt)r system. The model

was tcst('(t from hover through transition conditions

in and out {)f ground effects. For{'e, moment, and

t)ressure ttata were t}btained. A laser velocimeter

(LV) te{'hnique was {femonstrate(t. In addition, these

data w('re used for correlation v¢ith COml)utational

fluid dynamics (CFD) pre{tietions fr()lll the panel

ttlt'tll(}{t, VSAERO. Cont:htsions (trawn from the re-

sult s {}f tilt' wind-tumlel test and tit(, CFD e{}rrelation

are as folh}ws:

l. Skewing the {tiff'user It} ° (h}wnstrean] and

a(hling forward an(l aft endplates t}etween the dif-

fusers lo (Teate a {'enter]iIIe (laIli signifi{'antly in-

('teases augnlentaion ratio in gromM effet'ts anti re-

(luces lilt' drag ('oeflit'ient wh{,n {}ut of ground effects

with t)(}wcr (m.

2. Allhtmgh most inhq dr}or designs have a detri-

mental effe('l on ejet'tor t)(,rf(}rnmn{'e, an aero(tynanl-

Jr'ally shaped {'('nterl)o{ly {h)or design {'an at'tually

iml}r{}ve ejet'tt}r performance in groun{t effects and

maintain the performance of the n{} {h}or configura-

ti{}n out (}f ground effet'ts.

3. Installation t)f diffuser turning vanes signifi-

{'antlv {h'creascd cjet'tor performance with wind off.

Ex('{,t}t for slightly increasing drag, turning vane in-

stallation has surprisingly little effect {m tile vehich'

aer(}(lytmnlit's with wind tin. Symnletrical deflection

oft urning vanes l}r{}(tu{'es significant mnt)unts {}f for-

war(t thrust t)r drag whih' t)rodueing little l}itching -

m{}ment t:(}eflitqent (Cm). UllSylllnletrit:al vaIle dt:-

th,t:tions produce dire{:tional c{mtrol that is essen-

tially unc{}uple(t from roll.

4. Nose-ut} pitching moments were reduced t)y

t}hlgging the t w{} forward t}rimary nozzles. A(hling

a splitter t)late between the t}lugge(t nozzles and the

fit}wing nozzles did not fiH'ther redttce Czn. This may

t}e a result of pot)r design of the splitter plate. In

either ('ase, some of the resulting lift loss can be

ree{}vered by increasing primary nozzle pressure ratio

withtmt adversely affceting Cm.

8

5. All LV technique which measures t}nly horizon-

tal anti vertical velocity ('omt)onents {'an be used to

investigate lhe inlet flow fiel{t.

6. With wind off, ex('ellent correlation t)etween

experimental results an(t VSAERO results can be

{}btaiile(t. With wind on. correlation is still good:

however, _}le inlet ]ea_ling-edge s_2ction peak is

unth'rl}r('di{'l e{t.

NASA l,angh'y lh,sear('h ('('nl{'r

[]awl)tOn, VA 2368I-0{}(}1

.lanuary 20. 1993
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Table I. Basic Model Geonmtry

Wing-body:
Aspect ratio .................................. 2.12

S, in 2 ................................... 2427.10

b, in ..................................... 71.72

_?, in ..................................... 41.92

Leading-edge sweep, dog ........................... 60.00

Trailing-edge sweep al

Root, (leg ................................. -37.50
First trailing-edge break (BL = 12.3 ill.), (leg ................. 60.00

Second trailing-edge break (BL = 21.6 in.), deg ................ 37.50

Chord length at,

Hoot, in .................................. 66.40

First break, in ............................... 35.66

Second break, in ............................... 35.66
Airfoil section ............................... Biconvex

Cross-sectional area (tistributioll ...................... Figm'e 2

Ejector (each):

Length, in .................................. 1.9.20
Depth (uteasured from throat), in ......................... _.86

Primary nozzle exit area, in _ .......................... 0.096

Throat exit area, in 2 ............................. 84.4_

Diffuser exit area, in 2 ............................. 1-14.0_

Diffuser exit WL, in .............................. 11.43
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500

400

30O

Area, in 2

200

100

()
20 3{) 40 50 6{} 70 80 90

Fuselage slali(}ll, in.

t:igur{, 2. (?r',,ss-s{'('li{}nal area {listril)uti{m of 2{}-t}('r('(mt-scal(' model (}f UAV.

1
1O0

Primary plel]um
/- Secondary plenum

Primary nozzles

Air Mlng

Fixed e.jeclor
lhroat

Ad,justable diffuser sidewalls

IPigm'{, 3. Cut-away viPw showing half of {'.j{'{'l{}r systmn with t)alan{'e in pla{'{'.
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Removable splitter plate
(only tested with skewed diffuser)

Skewed nozzle_

10 10°

Skewed diffuser

(a) Baseline and skewed ejector conIigurations.

Deflectable diffuser
turning vanes

(b) Baseline ejector configuration with diffuser turning vanes installed.

Figure 4. Sketch of (:ross section cut through center of ejector (BL = 6.0 in.).
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Plane of symmetry

Removable endplate extension

Centerline fountain

_1 I IliliillliCCi
Ground plane

Diffuser endplates

Figure 5. Skt;t(:ti of flow fiold t)otwt_en two ojectors oporatiug iIl ground otfocis.
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a ()utl,uavd (i,)(,r do._i_,ll.

(b) Split inb_mrd/'outboard door de_igll.

2.5-diameter through hole

3.44
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Figure, 38. Surface Cp distribution predicted by VSAERO for q_c = 12 psf, (_ = 0 Q, NPR = 2.5,
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